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Emissionsof formaldehyde,aceticacid,methanol, and other
trace gasesfrom biomassfires in North Carolina measured
by airborne Fourier transform infrared spectroscopy

R. J. Yokelson,1J. G. Goode,~D. E. Ward,2R. A. Susott R. E. Babbitt,2
D. D. Wade,31. Bertschi,1D. W. T. Griffith,4 anUW. M. Hao2

Abstract. Biomassburning is an importantsourceof many tracegasesin the global
troposphere.We haveconstructedan airbornetracegasmeasurementsystemconsistingof a
Fouriertransforminfraredspectrometer(FTTR) coupledto a“flow-through” multipasscell
(AFTIIR) andinstalled it on a 13. S. Departmentof AgricultureForestServiceKing Air B-90.
Thefirst measurementswith thenew systemwereconductedin NorthCarolinaduring April
1997on large, isolatedbiornassfire plumes.SimultaneousmeasurementsincludedGlobal
PositioningSystem(GPS);airbornesonde;particlelight scattering,CO, andC0

2; and
integratedfilter andcanistersamples.AFTIR spectraacquiredwithin afew kilometersof the
fires yieldedexcessmixing ratiosfor 10 of themostcommontracegasesin thesmoke:water,
carbondioxide,carbonmonoxide,methane,formaldehyde,aceticacid, formic acid,
methanol,ethylene;andammonia.Emissionratiostocarbonmonoxidefor formaldehyde,
aceticacid,andmethanolwereeach2.5 ±1%. This is in excellentagreementwith (and
confirms therelevanceof) our resultsfrom laboratoryfires. However,theseratiosare
significantlyhigherthantheemissionratios reportedfor thesecompoundsin someprevious
studiesof ‘fresh smoke.We presentasimplephotochemicalmodel calculationthatsuggests
thatoxygenatedorganiccompoun~lsshouldbe includedin the assessmentof ozoneformation
in smokeplumes.Ourmeasuredemissionfactorsindicatethatbiomassfires couldaccount
for asignificantportionof theoxygenatedorganiccompoundsandHO1 presentin the
tropical troposphereduring thedry season.Our fire measurements,alongwith recent
measurementsof oxygenatedbiogenicemissionsandoxygenatedorganiccompoundsin the
free troposphere,indicatethattheserarely measuredcompoundsplay amajor, but poorly
understood.role in theHO1, NO1, and03 chemistryof thetroposphere.

1. Introduction

Biomassburningcan be a useful landmanagementpractice
[Wadeand Lunsford, 1989]. a natural and beneficial part of
the ecology of the world’s seasonally dry forests and
grasslands[Mutch, 19941, a key componentof important
agricultural systems[Stein/annand Stein/san,1974; Jordan,
1985], andan enormouspotentialsourceof renewableenergy
[Brink et aL., 19761, Biomass burning is also a significant
sourceof atmospherictracegasesandparticles[Crwzenand
Andreae, 1990]. Uncertaintyin the initial characteristicsand
the subsequenttransformationsof these emissionsis a major
limiting factorin modelsof atmosphericchemistry,radiative
transfer,andglobalclimate change[CrutzenandCarmichael,
1993; Kaufman and Nakalinsa, 1993; Prather et a!. 19941.
Airborne studies have quantified some of the important
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atmosphericimpactsthat result from individual fires lNance
er at.. 1993] or that occur over large regions where man~.
different typesof fires burn simultaneously[Andreaeer a!..
1988, 1994;Lindesayeca!., 19961. The field work of several
investigators[Ward eta!., 1992, 19%1hashelpedclarify how
thedifferent typesof fuels and burningconditions,associated
with specific land usepractices,affect theinitial emissionsof
particles,CO~, CO. andhydrocarbons.Laboratorystudies of
simulated fires have provided measurementsof the initial
emissionsfor many compounds,including somecontaining
nitrogen or halogens[Lobert et a!., l99l~ Kuhlbuschet a!.,
1991].

We havecarriedout aseriesof laboratorystudiesdesigned
to give an overviewof fire emissionsthathasexploitedthe
high accuracypossiblein the laboratoryenvironmentandthe
advantages of open-path Fourier transform infrared
spectroscopy(OP-FTfR)[Yokeisonera!., 1996b,1997, 1999;
Goodeeta!., 1999].Theadvantagesof OP-FT1Rincludedthe
ability to make continuous, smoke-plume-integrated,
low-interference measurementsof nearly any reactive or
stable gaspresentat, or above,mixing ratiosof a few pasts
per billion by volume (ppbv). In the laboratory we made
OP-FTrR measurementsof the majoremissionsgeneratedby
the different combustion processes throughout fires in
well-characterizedfuels. These emissions inctuded carbon
dioxide (C0

2), carbon monoxide (COy, methane (CH4),
formaldehyde(HCHO), hydroxyacetaldehyde(CH2OHCHO),1
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—8-il m in height.The deadbiomasswasvery dry for this
region (5-9% moisture), which accounts for the high
estimatedfuel loading of 18 tlha. The sky was clear, and
temperatureand relative humidity were 19.5”C and 38%,
respectively.The wind wasgenerally from the west and less
than 8 mIs. The fire started before 1400 EST and spread
intermittently at averageratesup to — 3 mimin. (occasionally
torching individual trees). The maximum, average flame
length was —3 m and about 80% of the estimated fuel
consumptionof 11 tlha occurredin the flamefront The fire
burnedabout24 haby 1815.We obtainedoneAFTIR sample
from this fire, which coincidedwith a less activeperiodwhen
only a faint column of (mainly) smolderingemissionswas
present.

2.1.3. CampLejeunefire 2 (CL2): April 26, 1997. The
treatmentareawas564 ha containing 281 ha of 50-~ yearold
pine (20-23 m height), 121 ha of hardwood,and 162 ha of
annuallyburnedmilitary range.The approximatelocation was
34.60”N, 77.24”W:The averagefuel load estimated~beforethe
fire was 11 t/ha. The crinditionswerethe wettestof the three
fires with fuel moisturesranging from 8% to 28%. Cloud
coverrangedfrom 0 in the morningto 75% by smdafternoon.
The temperatureandrelativehumidity rangedfrom 19 C and
40 o (—1000) to 21”C and 37% (1300). The wind speedwas
1-4 mIs and varied widely in directionthroughoutthe day.
The backfire was started at 0940. and aerial ignition
commencedwithin the next hour using a 23 a 23 m ball
spacing.Thefire skimmedoff the top layerof groundfuels at
averagespreadrates of 0.6 to 2. 1 mlmin and with average
flame lengthsup to 2 m. About 182 haburnedwith the most
active flaming combustionending by 1300. but pockets of
flaming combustionand a convectioncolumnpersisteduntil
—1600. The lapse rate was -8.8”CIkm in the morning,
decreasingto -8.5~CIkmin the afternoon,up to an inversion at
2 km. All the sampleswere takencloseto the fire (againdue
to airspacerestrictions)andbelow 1.7 km.

2.2. MeasurementStrategy

Many configurations can be used to perform airborne
ETIR. Solar, atmospheric,or terrestrial radiation that has
passedthrough a long atmosphericpath canbe collected and
analyzed [Mankin, 1978; Toon et a!., 1989; Traub er a!.,
1994; Wardenet a!., 19973. This approacli is very powerful,
but not ideal for measuringexcesscombustionemissionsthat
arealso presentin largequantitiesin backgroundair, such as
C02, and methane. Local, external, optical in situ
measurementscan be made by employing a source (or
retroreflector) attached to the aircraft [Websterand May,
1987; Haschbergerand Lindermeir, 1996], but this would
limit us to a short path length. In this work we coupled an
ETIR to a multipass cell inside the aircraft The system
performsin situ measurementsby admitting externalair into
the cell through a sampling line connectedto a port on the
aircraft exterior. An analogousarrangementhasbeenusedfor
diode lasermeasurementsof ambientatmospherictrace gases
[Hastie and Miller, 1985; Sachseet a!., 1987; Sc/tiff et a!.,
1990; PodolskeandLoewenstein,1993; Webstereta!., 1994]
and by McGeeandGeriach[1998] for FUR measurementsof
502 in a volcanic plume. Use of this configurationincurs a
small risk of samplingartifacts,whichwe reducedby coating
theintakesurfaceswith nonreactivehalocarbonwax [Webster
era!., 1994].

2.3. OpticalSystemDesign

The Forest Service King Air can support a scientific
payload, including passengers,of approximately80(.l kg for a
3 hour flight To accommodatethe largestpossibleselection
of instrumentation for smoke plume characterization, a
primarydesignconsiderationfor AFI’IR wasminimizing size
and weight while maximizing the optical path length
(proportional to sensitivity). Figure 1 shows a schematicof
the AFTIR system.The systemis describedin detail,asit was
configured for the North Carolina flights, below.
(Photographsof the systemcanbe found on the World Wide
Web(http:I/www.cas.umt.eduIchemIyokelsonl).)

The IR beam exiting the spectrometer(MIDAC, Inc.) is
steered by transfer optics to a “tripled” white cell (IR
Analysis, Inc.) featuringMgF2-coaredsilver mirrorsand two
retroreflectorsmountedinsidea 15 (i.d.) X 91 cm Pyre tube.
The variable path cell has a basepath of 0.81 m and was
passed120 times for atotal pathof 97.5 m. Viton 0-ringsseal
the ends of the tube to nickel-plated aluminum endpiates.
Temperature inside the white cell was measured by a
thermocoupleat eachend,and cell pressurewas measuredby
a capacitive transducer(Kavlico, Inc.). All metal surfaces
inside the cell were coatedwith halocarbonwax to reduce
surfacereactivity (Halocarbon, Inc.). Minors directed the
exit beamfrom the cell through a 25 mm focal length ZnSe
lens onto the LN2-cooled, “wideband” MCT detector
(Graseby,Inc., model FTIR M-16). TheMIDAC spectrometer
was operatedat its maximumspectralresolutionof 0.5 cm
Theoptical elementsof theAFFIR systemweremountedon a
28 x 175 x II cm, honeycombcore, optical table (Newport,
Inc.) that wasshockmounted(Aerofiex,lnc.) to the floor of
the aircraft. Total system weight including a protectivesheet
metal shieldwas approximately64 kg.

2.4. Sample/FlowSystem

An aluminum plate was bull to temporarily replacethe
copilot’s vent window upon w ic forward facing alum nusn
elbowswere mountedto serveas sampleinlets. The. AFTIR
niet was25 mm id. andwaswax coatedas describedabove
Approximately 1.5 m of 17 mm id. (wax-coated)Teflon
tubiagconnectedthe aircraft sampleinlet to themultipasscell
inlet locatednearthe top of the front endplate. A deflector
attachedto, the insideof the front endplateservedto deflect
the incoming gasstreaminto a circular patternbehind the
field minor. The gas then flowed slowly through large
notchesin the field minor and through the cell to an outlet
nearthe bottom of the backendplate.Manual IS mm i.d. ball
valves (wax-coated)provided flow control for the inlet and
outlet lines. Useof the valves allowed us to perform in situ
measurementsof the cell exchangetime by opening the
valves in clean air after “grabbing” a sample in a smoke
plume. The lie exchange time was typically 7-8 s
(considerablylongerthan the 1.7 s spectrometerscanspeed)
andlimited our spatial accuracyto —700 m at the King Air
samplingspeedof 90 m/s.

The optical throughput of the AFI’~. system and the
spectrum of background air were constantly monitored
throughoutthe experimentto checkfor avariety of potential
problems. including cell contamination. The throughput
(when measuredat a pressureof — I atml did not vary
significantly throughout the study. The backgroundspectra
did not show anynoticeablefeaturesindicating a buildup of
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Figure 2. Two regionsof an AFTIR absorbancespectrum.
(a) The spectralregionused to quantifyethylene,methanol,
and ammonia, along with the referencespectra for these
compounds.Wateris alsoincludedin the spectralsubtraction
protocol for this region. (b) The spectralregion around2100
cm, - along with a referencespectrumof CO to illustrate the
excellent SNR for this compound.(Actual quantification is
donewith the transmissionspectrumas explainedin the text.
The effectsof water lines, which are fit simultaneouslyin the
CLS analysis,explain the “extra” or distorted featuresin the
smokespectrum.)

madeby usingbackgroundsamplespectraobtainedat nearly
the same altitude, and these were analyzed by spectral
subtraction[Yakelsonet at., 19971 to yield mixing ratiosfor
H20, HCOOH, CH3COOI-I, NH3, C2H4, andCH,OH. Figure
2a showspartof anAFTIR smokeabsorptionspectrumalong
with referencespectrafor the threelatter compounds.Figure
2b shows another portion of the same.smoke absorption
spectrum,along with a CO referencespectrum,to illustrate
the high SNR for this importantcombustiontracer. For this
application we developedprogramsto efficiently perform
thesemixing ratio retrievals for largenumbersof spectra
acquiredat manydifferent temperaturesandpressures.

For ammonia~only, a modified dataanalysisprotocolwas
followed as discussednext. Several smoke storage tests
conductedin the cell (in our laboratory)showedammoniaand
all the otherspeciesto be sufficientlystableto justify signal
averagingfor the 1-10 mm time periods that sampleswere
storedin the field. (Specieslie lifetimes were typically> 10

hours.)However, at thelower smokeconcentrationsactually
encounteredin the field, ammonia, and ammonia only,
showedevidenceof a decayduring the time grab samples
wereheld. The decayhad a lie lifetime of about35 s. We
investigatedthis decayas follows. We useddetailedformulas
given by Perry et at., (19631 to calculate the diffusion
coefficientfor ammoniain air andobtained0.282 cm’/s. We
then used this’ value of D(NHJair) in a fornsula given by
McDaniel[19641to calculatethediffusion-limited, first-order
wall-loss lifetime for a species in a cylinder of known
dimensions.Thetheoreticalammonialifetime dueto wall loss
limited by radial diffusion, in our cell, was35 s. Thus we
concludethat the observeddecayseemsconsistent with a

1090 first-order wall loss. Accordingly, for the ammoniaanalysis,
the smoke sample scans were analyzed at higher time
resolution,andthe mixing ratioswere then back-correctedto
“time zero” assuminga first-order decay. We ignored NH3
valuesbelow20 ppb becauseof theextraerror introducedby
the back-correction and the reduced SNR at higher time
resolution.A plotof NH3 versusCOfor the CL2fire is shown
in Figure 3. Theplot indicatesthat our approachis yielding
fairly consistentresults.

In this type of airborneplumesampling, the mixing ratio in
a measurementis not always the absolutemixing ratio at a
known point in the plume. We compute the difference
between similarly collected samples of the plume and
backgroundair to obtain and report “excessmixing ratios.’
However, it is the arithmeticratiosbetweenthe excessmixing
ratios that are the most meaningfulquantity (especiallyratios
toexcessCD, which is the bestshort-termsmoketracer).

The accuracyof the excessmixing ratios measuredin this
experimentis mainly determinedby the SNR of the spectra
and by uncertainty in the spectroscopiccross sections and
sample density measurements.The last type of error should
tend to cancel when measuringratios betweencompounds.
the quantityof most interesthere.The nns noiselevel in the
spectraacquiredin NorthCarolinais <0.001 absorbanceunits
for a I mm signal-averagingperiod.Thus thedetectionlimits
(which varyby compoundandspectrum)were typically from
5 to 20 ppbv (SNR=i). The spectroscopiccross secuonsare
estimatedto beaccurateto ±5% [Rot/tn-tanet at.. 1992;Has’.r
andHansr, 1994]. Therelativedensity of the backgroundand
smoke sampleswas resolvedto about + 5% The residual
from the CLS fit or subtractionroutine is ‘c 5%. Thus the
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FIgure 3. Excessammoniamixing ratios for the C7L2 fire,
obtainedby the method describedin the text, plotted against
thesimultaneouslymeasuredexcessmixing ratiosfor CO.
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resulting valueswere within a few percentof those.obtained
using the other methods described‘above. Little and Rubin
[198’71discussed estimating ratios between measured
quantitieswhen adatasethassomemissing values,asis the
casein a few instancesin this study. Theyconcludedthat the
best estimateof the ratio is the slope of the leastsquaresline,
with the intercept foned to zero, in a plot of one set of
measurementsversus the other. The fire-averageemission
ratios shown in Tables I and 2 are computedin this way,
though, as we showedabove, essentially the same result is
obtainedby the threeothermethods.

For the CLl and. CL2 fires we measureda suite of the
major carbon-containing fire emissions. Thus we can
calculatean approximateemissionfactor for any species“in

using

MMKg) C1
EF,(glkg)= FcxlOOO(g/kg)x x— -

12(g) Cr

In equation(1), EF~ is themass(g) of compoundi emittedper
kg of fuel burned,F. is the massfraction of carbonin the fuel,
and MM~ is the molecularmass of species i. C/C,. is the
numberof moles emitted of species i divided by the total
numberof molesof carbonemitted. C/Ct. can be calculated
from an individual, a fire-averaged,or a study-averagedsuite
of measurements.In this casewe wantedthe bestestimateof
fire-average C/Cr, so we calculated this value from
fire-averageemissionratiosusing

AC1
ACO~

XNC’i ACOa

In eqtiation (2), AC/ACO2 is tbe fire-averageemissionratio of
compoundi to CO,, NC is the numberof carbonatoms in
compoundI, and the sum is over all the species(including
C0). The use of equations (1) and (2) to estimate
fire-averageemission factors is most accuratewhen all the
burnt carbon is volatilized anddetected,the fraction of fuel
carbon is preciselyknown, and the measurementsprobe all
the smoke producedby the fire. In this study we probably
underestimatethe total carbon 1-2% by ignoring particulate
and another1-2%dueto unmeasuredgases.We also assume
that the fuel is 0,5 carbonby mass[Susouetat., 1996], which
is probablyaccurateto±10%(2a).

Our fire-averagedquantities could also differ from the
actual source characteristics if our sampling was
unrepresentative.This conditionmight occur if the plumewas
changing in composition, poorly mixed, or, for any other
reason, not characterisiicof the productsof the whole fire.
Theseissuesare addressednext In previous ground-based
experimentswe have-learnedthat as long as flamespersiston
the site, emissionsfrom the variouscombustionprocessescan
be drawn into the plume (including smolderingcombustion
emissionsoriginatingsome distancefrom the moving flame
fronts) [Ward a al., 19921. If large amountsof fuel were
consumedafterconvectionfrom the siteceased,then airborne
measurementscould be in error (if the smoke composition
also changed).On the two CampLejeunefires for which we
fcpUlt cllll~alon f~wra~tt’~~rnuuiiiVt Rva~vnywttvuL’,,~jUuQI

smolderingcombustionwas minimal- because.the proportion

of large deadfuels wassmall and any organicsoils were too
wettoignite. This was confirmedby directobservationof the
bum interior during and after the fire. ‘We have also taken
some precautions against poor mixing or changing
composition. We acquireda fairly largenumberof samples
(15or 25), thesampleswere from manydifferentlocationsin
the plume, the samplesintegratedover transectsthroughthe
plume, andthey were takenduring a largeportion of the time
that fuel consumptionoccurred.

For fires CLI and CL2 the estimatesof the fire-average
emission factors, the fire-average modified combustion
efficiency (MCE), and the fire-averagecombustionefficiency
are shown in Tables I and 2. Combustionefficiency (CE) is
defined as the fraction of burnedcarbon that is releasedas
C0. Modifie4 combustion efficiency is defined as
ACO/(ACO+ACO); where the “A” indicates an excess
mixing ratio [Ward and Radke,1993]. MCE is also equal to

(I) I/((ACO/ACO)-*l). CE andMCE areusefulasindexesof the
relative amount of flaming and smoldering combustion
throughout (or’ during) a fire, and these terms are used to
comparestudiesbelow.Theconceptof MCE is alsoimportant
becauseif ourmeasurementsoversampledeither flaming or
smolderingcombustion,the relation obtainedbetweenMCE
andtheemissionfactorsshould still bevalid.

A full discussionof the emissionsof CO~, CO. particles,
NO, and hydrocarbonsfrom thesefires, and earlier fires in
Florida and Georgia (where the AI’TIR was not deployed),
will be presentedseparately.We limit further discussion in
this paperto the AFI’IR measurementsof oxygenatedorganic
compounds(for which much less literature information is

(2) available).

3.1. Productionof OxygenatedOrganicCompounds
From BiomassFires

Comparisonof measurementsof biomassfire emissions
betweendifferent studies is complicated by the fact tha
naturalfires bumin a wide variety of fuels and environmental
conditionsandwith different relative amountsof flaming and
smoldering combustion. Some consideration of the
differences between fires can be incorporated into a
comparisonby plotting emission factors versus modified
combustion efficiency (MCE) [Ward and Radke, 19931.
Theseplots give a two-dimensional(2-D) comparison,which
is more informative than a simple one-dimensional
comparisonof emissionratios from potentially very different
fires. It is of specialinterestto use this 2-I) plot to compare
our current field data for the three main oxygenatedorganic
compounds (JiCIjO, CH3COOH. and CH30H) with our
previous laboratory data for these compounds.This helps
determinehow similar theemissionsfrom our laboratoryfires
are to the emissions from full-scale field fires and could
confirm the relevance of our extensive, laboratory fire
emissionsdatafor these,and other, compounds.

In three previous laboratory studies [Yakelsonet at..
1996b, 1999; Goode et at., 1999] our work included
measurementsof the fire-integrated emission factors for
formaldehyde,methanol,and aceticacid from fires burning’ in
different fuels and at different MCEs, In one previous
laboratory study [Yakelson a at., 19971 we measured
emissionfactors and MCEs for smolderingcombustiononly.
I~ r,~,.-. ~ Wa UO1,,~,aCQ U’.., U~4rront (.024 ~ Of

emission factors (for the dominant oxygenated organic
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and I %, respectively. Further, plotting the data versus
~CO/ACO2gives essentially thesamecorrelation and only a
small (— 1%) shift in the intercept toward the equivalentof
higher MCE fires. Thus the plots appearto be fairly robust
models for predicting fire emissionsin a wide variety of
circumstanceswith thefollowing caveats.We haveno dataat
anMCE above0.98 and no points from in situ measurements
in tropical fuels.Thereforewe plan suchmeasurementsin the
near future to enable more confident predictjon for these
scenarios. Meanwhile, the plots can be employed for
predicting emissions from temperatezone fires and for
preliminaryestimatesof the emissionsfrom tropical fires. For
instance, Artdreae et at. [1996] reported a global average
MCE for tropical savannafires of 094~ EmployingFigure 5,
we obtain average savanna fire emission factors for
formaldehyde,methanol,and aceticacid of 1.6, 1.1, and2.5
g/kg respectively (±50%).Ward ci at. [19921reported an
average MCE for tropical deforestation fires of 0.89.
Employing Figure 5 (a little more confidentlyin this case),
the analogousemission factors for tropical forest fires are
considerablyhigher at 3.8, 2.8, and 6.2 glkg respectively
(±30c). Combiningtheseemissionfactors with estimatesof
the amountof biomassburnedin savannaand forest fires in
the tropics [CruizenandAndreae,1990] yields emissionsof
14 ±8,10 ±6,and 22 ±13Tg/yr. It should be recalled that
theseemissionsareconcentratedspatiallyandtemporallyto a
few months during the tropical dry seasonand that the
compounds aretoo reactive to becomewell mixed in the
global troposphere.

The estimatesderived abovecan be comparedon a very
limited basis with other estimates. Sing/i et at. [1995]
suggestedthat total global methanolproductionis —45 Tglyr
based on their methanol measurementsin the remote
troposphere and they estimated that —6 Tg/yr of this
production is due to total global biomass burning. Our
calculationsuggestsa largertire sourceof methanolsincewe
uhtain 10 ±6Tg!yr without including buming of fuel wood
and agricultural waste (which may be 10-20% of global
biomass burning). Evidently, fires may contribute some10-
30% of global atmosphericmethanol.The major source of
this compoundis probably biogenicemissions[Konig er at.,
1995; Siagh et aL, 1995; Kirstine ci at., 1998].

A piot of emissionfactorversusMCE doesnot imply that
the emissionratio to CO for acompoundis constant.In fact,
for most smolderingcompoundsthe emission ratio to CO
increasesas MCE decreases.Thus comparisonof emission
ratios from two fires with differentMCB can be misleading.
However, in manystudies,andin our measurementsof WFl,
there is insufficient data to calculate MCE. Therefore
examinationof emissionratiosallows us to compare/integrate
datafrom a largernumberof studies,with the limitationsjust
noted. Additionally, comparisonof emission ratios is more
meaningful if the two compoundsin the ratio. are from the
sametypeof combustion.Thus comparisonof smolderingor
pyrolysis compoundsto CO is quite useful, especiallysince
CO is a smolderingcompoundand also the best gas phase
tracerfor smokein thefield.

In Table 3 we compareour field measurementsof the
fire-average emission ratios for oxygenated organic
compoundsto CO with our laboratorystudy-averageemission
ratiosandto otherwork. All themeasurementsweremadeon
different fires, soonly a summary comparisonof this datais
justified. Talbot ci at. [1988] sampledlaboratory fires for

emissions of fonnic and acetic acid with -a mist chamber
technique.Their study-averageemission ratios to CO for
thesecompoundsareabout100 and 20 times lower thanours,
respectively.The tendencyfor their values to be lower than
oursholds for awide rangeof MCEs, aswasseenin Figure5.
Griffith et at. [1991]reported that HCHO was a ubiquitous
fire productemittedon averageat —1.3%of CO. (Loberici at.
[19911did not attempt to quantify oxygenated organic
compoundsin their benchmarkstudy.) Hurst er al [1994]
sampledsavannafire smoke in glass bulbs andlateranalyzed
the contentswith matrix isolation-Fl’TR. They reported an
averageHCHOICOvalue of 0.25 that is —7 times lower than
ourtypical value.However, they also reportedtotal aldehyde
emissionsup to 1.7%of CO. McKenzieer at. [19951packed
finely ground biomassinto ceramic crucibles and heated it
from above.Smokegeneratedin this mannerwascryotrapped
and analyzed by gas chromatography-massspectrometry
(GC-MS) for a variety of oxygenatedcompounds,of which
four are also measuredin our FTIR work. Their alues of
HCOOH/CO,CThCOOH/CO,and CH3OI-IICO are /4 to 1/2
of our typical values.Their dataare not correlatedwith MCE
(see Figure 5), perhaps partly due to the highly stratified
biomasstheyburned[Yakelsonci at. 1997].

Another airborneFI’IR smokestudy [Wordenet at., 1997]
reported valuesfor two spot measurementsof HCOOH/CO,
CH3OH/CO, and NH3/CO obtained during smoldering
combustionthat are well within the range we observedin a
study of smoldering combustion [Yakelson ci at. 1997].
Recently, Hoizinger et at. [1999] used a chemicalionization
massspectrometerfor on-line emissionsmeasurementsof six
trace gases from laboratory•fires. Their averagevalue for
HCI-IO/CO (2.2%) is essentially the sameas outs. Their
averagevalue for CH3OHICO (0.64%) is about 1/3 of our
typical FTIR value. Finally, Koppmannci at. (‘1997] used
absorption tubelGC-MS to measure many
high-molecular-massorganicemissionsfrom savannafires in
southern Africa. They reported that the oxygenated
compounds were approximately equal to the straight
hydrocarbonsin abundance.This is consistent with our
findingsfor thelighter C1 andC2 hydrocarbonsas indicatedin
the footnote to Table 3. In summary, considerationof the
published measurementsof the ratio of oxygenatedorganic
compoundsto CO supports our earlierconclusionthat fires
areamajorsourceof thesecompounds.

3.2. Influenceof OxygenatedOrganicCompounds
on Initial PlumeChemistry

In this sectionwe briefly summarizesomeof thepublished
resultsrelevantto “smoke chemistry”andthen, in the context
of this previous work, we demonstratethat oxygenated
compoundsmay play an important, but poorly understood,
role in early plume chemistry. Trace gas emissionsfrom
biomass fires have many important influences on the
atmosphere.This includesemissionof 10-30%of global CO
and significant amountsof greenhousegases [Cruizen and
Andreac, 1990]. Another important topic is the influence of
fires on tropospheric03 formation [Cha~jIetdand Delaney,
1990; Fir/iman ci at., 1991; Richardsonci at., 1991; Keller ei
at., 1991; Jacobci at., 1992; Cruizenand Carmichael,1993;
Chatfield ci at., 1996; Thompsonci at., 1996; Jacob ci at.,
1996; Koppmannci at., 1997; Letieveldci at., 1997; Olson ci
al., 1997;Mauzerailet at., 1998; Leeci at., 1998].About 80-
90% of the global biomassburning is estimatedto occurin
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Figure 6. Resultsareshownfor O~ productionand NO~ depletion from paired runs of a simple spioke
chemistrymodel.For eachplot, onetim setsthe initiat HCHO at backgroundlevelsandthe otherrun setsthe
initial HCHO at 2%of the initial CO (seeTable3). (a)The excess0, mixing ratio divided by theexcessCO
mixing ratio (acommonmeasureof ozoneproduction).(b) TheN0~ mixing ratio divided by its initial value
of 80 ppbv.The differencesbetweenthe runs axeexamplesof how increased,modeledratesof initial (near
source)0, formationandNO~depletioncanresultfrom including oxygenatedorganiccompoundsin asirhple
chemical system. Initial mixing ratios for the model runs were: CO, 7.7 ppm (total including.0.2 ppm
background);~H4,2.3 ppm (total including 1.7 ppm backgrotind);NO, 60 ppb (total); NO2, 20 ppb (total);
and 0,, 30 ppb(total). HCHO wasvariedasindicatedabove.

the tropics [Hao and £iu, 1994]. Further, since the tropical
troposphereis wheremost of the oxidationin the atmosphere
occurs, tropical troposphericozonehasa major influenceon
the oxidizing capacityof theglobal atmosphereLCruizen and
Carmichael, 1993]. 0, is also the third most. important
greenhousegas (after CO, and methane) [Prather ci aL,
1994], with tropical uppertropospheric0, being especially
effectivein this respect[Fishmanei al.. 1979j. Usinga global
three-dimensionalchemistry-transportmodel, Lelieveldel al.
[1997]estimatedthatfires causea 15% increasein tropical 03
(lower limit) and concluded that most of this 03 increase
appearsto be dueto regional-scaleproductionfrom dispersed
biomass burning emissions.High regional production is

inferredpartly becauseof the greatincreasein modeled03
formation rates that follows convectivetransportof “fresh”
biomassburningemissions(still containingampleNOD to the
uppertropospherefCha~fieldandDelaney, 199.0;pickeringci
al., 1992; Thompsonci al., 1996;Jacobci at., 1996; Lelieveld
et al., 1997]. Thus the rateof the chemistryand the transport
of the smoke can interact in ways that greatly affect the
amountof ozoneproduced.

Many modelingstudieshaveexaminedozoneformation in
biomassburning plumes. but to our knowledge, none have
incorporateda suite of tow-molecular-weightoxygenated
organic compounds in the initial emissions as our (and
other’s) work clearly suggestsis appropriate.In light of this

0 2 4 6 8 10

2 4 6 8
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and ethylene), the rarely quantified oxygenated organic
compounds(formaldehyde,methanol,acetic acid, andformic
acid), and ammonia-The results confirm the importanceof
biomassfires as a sourceof oxygenatedorganiccompounds,
and a simple model suggeststhat thesecompoundswill affect
the rate of 03 formation in biomassburning plumes. The
results also suggestthat fires will contributeto the ambient
levels of HO. and oxygenatedorganic compounds.in the
upper troposphere.The agreementbetweenour field results
and our previouslaboratoryresultsconfirms the relevanceof
our extensivework characterizingemissionsfrom modeled
laboratoryfires.
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